The differences in the liquid phase internal vibrational frequencies of water, obtained from molecular dynamics (MD) simulations, between the two versions of the central force model of Rahman and Stillinger (CF1 and CF2) are investigated by employing the theory of Buckingham on solvent effects. It is found that the differences can be essentially accounted for by the different O -H stretching cubic anharmonic force constants of CF1 and CF2. A significantly improved agreement between the results of MD simulations and spectroscopically observed liuqid phase frequencies could be achieved by using a harmonic force field, supplemented by a cubic stretching force constant, for the intramolecular interactions of water, and the CF2 potential for the intermolecular interactions.
Introduction
The central force potentials developed by Rahman. Stillinger and Lemberg [1] (called here CF1) and Stillinger and Rahman [2] (called here CF2) (see Appendix) have been very successful in describing structural and dynamic properties of liquid water under normal conditions [1, 2] , of aqueous electrolyte solutions [3] [4] [5] and even of certain types of ices [6] . Building on an initial set of central force interactions by Lemberg and Stillinger [7] , which was, to our knowledge, never used for actual computer simulations, the two sets of potentials referred to above were constructed in such a way as to obtain structural and dynamical properties for liquid water as close to experimental results as possible. Indeed, the last version of these potentials is considered to be one of the best available models of liquid water [8] .
In this communication, we will focus our attention on an aspect of these models which has, in our opinion, not yet been sufficiently considered. These models treat the water molecule as three distinct mass points, one oxygen and two hydrogens. The interatomic potentials were determined in such a way as to yield stable H 2 0 molecules with an appropriate equilibrium geometry (which is in fact the gas phase geometry of water), and to permit oscillatory motions of the atoms about that equilibrium geometry. Within the framework of a central force model, the vibrational frequencies of the molecule are determined, in harmonic approximation. by only two independent force constants, the O-H and the H-H stretches. In both models discussed here, they were set to be 7.973 mdyn/Ä and 1.7872 mdyn/A, respectively, leading to the vibrational frequencies, for a single molecule, reported in Table 1 . Table 1 also lists the observed fundamentals and the usually adopted harmonic frequencies for the water molecule. The agreement between calculated and observed gas phase frequencies is seen to be not very satisfactory, especially the fact that the calculated symmetric stretching frequency co\ is found to be higher than the calculated asymmetric frequency «3, while the opposite is always observed in water. Furthermore, in spite of the fact that the harmonic stretching force constants are the same for both models (CF1 and CF2), very different oscillatory motions are observed in the liquid state.
These motions are usually studied by analyzing the Fourier transform of the normalized velocity autocorrelation function of the hydrogens as obtained from molecular dynamics simulations (cf. e.g. [3] ). In their study of the CF1 model Rahman. Stillinger and Lemberg [1] found three broad bands in this Fourier transform, one centred at about 1475 cm" 1 , or shifted by about +100 cm"' with [14] ; ~ 2900 4164 3440 [13] u v and co denote fundamental and harmonic frequencies, respectively. b Gas phase harmonic frequencies calculated from CF1 (CF2) model potential. c The assignment of v, seems to be uncertain because of the Fermi resonance with 2 v 2 . d vi lq (CFl) and V|,n(CF2) are the maxima of the Fourier transform of the velocity autocorrelation function of the hydrogens from MD simulations of water with CF1 and CF2 models, respectively.
respect to the frequency reported for the harmonic gas phase bending vibration in this model in Table 1 , and two overlapping ones, centred at about 2900 cm" 1 and 3500 cm -1 , shifted by about -840 cm"' on the average with respect to the vapour phase stretching frequencies. In the case of CF2, the bands observed in the Fourier transform of the velocity autocorrelation function were centred at about 1600 cm -1 , 4160 cm -1 and 4570 cm" 1 (this work) and the two latter ones were much sharper than the corresponding band in the CF1 case [3] , The calculated with respect to harmonic gas phase frequenvapour phase have to be compared with the experimentally observed ones (see Tables 1 and 3 ). In the work presented here, all frequency shifts were calculated with respect of harmonic gas phase frequencies, as the small additional shifts due to the classical anharmonic motions [10] in the gas phase can be neglected in this context. It can be seen that, while in the case of CF1 the sign of the shifts is at least correct, this is not the case for the two high frequencies observed for the CF2 model.
In order to understand the origin of this quite different behaviour of these otherwise very similar models, we have undertaken a careful analysis of especially the intramolecular parts of the two sets of potentials, since some preliminary calculations indicated that the differences in the external interaction parts can not explain the different spectral features. In a subsequent step we then tested this concept by introducing a new potential for the intramolecular interactions. In order to obtain a more realistic behaviour of the water molecule vibrations, this potential was expressed as a power series in terms of interatomic stretches and bends, as it is usually done for potentials obtained from spectroscopic measurements. This part of the potential is thus no longer of the central force type, but also contains three body contributions.
At this stage of theoretical development, we feel that it is justified to study these effects within the framework of a classical theory, such as molecular dynamics, even though the vibrations have frequencies such that hcco>kT.
As was pointed out earlier [7] , the nature and the magnitude of the hydrogen bond distortions in the liquid can be analyzed and interpreted in terms of such classical models; their influence on the vibrational frequencies may thus be studied by these methods. Furthermore, as the anharmonicity constants (usually called X e [10] ) can safely be assumed not to vary significantly between the vapour and liquid phases [11] we are led to expect a generally analogueous behaviour of quantum frequency and classical frequency shifts between vapour and liquid, as calculated here.
Within this approach, it is thus worthwhile to try to improve the existing interaction potentials, aiming at a more realistic behaviour of the intramolecular vibrations. Such a model could subsequently be used to study e.g. the influence of solutes on the IR spectra of water in aqueous solutions more accurately than it has been possible in the past [3, 4] .
Perturbation Theory Treatment
The vibrational frequencies of molecules in the liquid phase are different from those in the gaseous phase owing to the effect of intermolecular interactions on the properties of condensed phase molecules (see e.g. [15] ). Buckingham [16] and others [16] [17] [18] have discussed the theory of the effect of intermolecular interactions on normal mode vibrational frequencies. In order to understand the reasons for the different spectral behaviour in the liquid phase of the two versions of the central force model potentials discussed above, -in spite of the fact that their harmonic stretching force constants are identical -, we decided to investigate, as a first approximation, the bond stretching vibrations of the water molecule as a diatomic oscillator within the framework of Buckingham's theory [16] .
A) Diatomic Oscillator Approximation
A diatomic oscillator approximation seems especially justified if the molecule HDO is studied instead of H 2 0, as in this case the O-H and O-D stretching vibrations can be treated in good approximation as two uncoupled diatomic oscillators. For the vapour-liquid frequency shifts of the fundamental absorption bands of a diatomic oscillator (zlv), Buckingham [16] obtained the following expression by using perturbation theory and treating the anharmonicity and the intermolecular interaction energy in the liquid phase as perturbations to the harmonic oscillator B e . Av= vii q -v vap = (U" -3a U') he co + higher order terms (1) where B e is the rotational constant (h/8n 2 p cr 2 e ), p being the reduced mass, r e is the equilibrium distance, co is the frequency of the harmonic oscillator (in cm" 1 ). U is the intermolecular interaction potential energy, expanded as a power series in the displacement of the nuclei from their equilibrium separation c = (/* -r t )/r t
U' and U" are the derivatives of U with respect to c at the nuclear equilibrium separation /-e , and r represents the positions (and orientations) of all other molecules relative to a particular molecule. In (1) a is the cubic anharmonicity constant in the vapour phase and the brackets denote an averaging over all solvent configurations. The connection between the dimensionless constant a and the perhaps more familiar anharmonicity constant Table 2 ). From (1) a red shift has to be expected for the CF1 potential and a blue shift for CF2. Also the magnitude of the shift should be larger in the former case than in the latter one.
There are of course differences in the intermolecular interaction energies (U) of the two model potentials, but they can be neglected for the arguments presented here. It should be mentioned that a positive g value does not seem to be realistic from a physical point of view, since this would mean that the potential energy curve comes up inside the harmonic parabola as the bond stretches.
In order to obtain an estimate of the importance of the vibrational frequency shift due to the term (V s ), a molecular dynamics simulation was run on HDO liquid. (We are aware of the fact that pure HDO liquid does not exist, but for the present Table 2 ), the external (intermolecular) interactions were taken from the CF2 model potential, which, as has been pointed out above, is considered to be a very reliable one. A suitably modified version of the program used in previous simulations with the central force model for water [3, 4] was employed here; the reader is referred to these papers for further details. After equilibration, a run of 1000 time steps was generated (average temperature 319 K), and the velocity autocorrelation func- for the H-O-D bend), which gives an average value of 0.247 mdyn • A for (U"). The corresponding change in the harmonic stretching force constant ((U"}/rl) amounts to 0.26 mdyn/A; this small value also indicates that the main part of the vapour-liquid frequency shift arises from the second term in (1), containing the anharmonicity constant a. As the same order of magnitude for (Uis to be expected for the CF1 potential, we conclude that the difference in the anharmonicity of the O-H stretching potential between the CF1 and CF2 versions is responsible for the different vapour-liquid shifts of the stretching frequencies obtained from the MD simulations.
On the other hand, it is clear that a proper explanation of the differences observed for the bending frequencies (cf. Tables 1 and 3) can not be achieved by the extremly simplified treatment presented here. Therefore, a more complete treatment of the case of triatomic molecules will be worked out in the next section.
B) Triatomic Molecule Treatment
For H 2 0 and D 2 0, the vapour-liquid vibrational frequency shifts can be written, according to Buckingham [16] , to first approximation as 
KS^-S)
(asymmetric stretching) (for HDO, the corresponding formulae are more complicated because of the lack of molecular symmetry). In these expressions, U'j = (dU/dQj) e and U'j'/ are derivatives of the interaction potential with respect to normal coordinates; the brackets denote, as before, an averaging over all solvent configurations. U is written as a series expansion
There are no (U' 3 ) terms in (4a) - (4c) Table 2 . It can be seen that the fforce constants are nearly identical for CF1 and CF2; therefore it is difficult to understand at first sight why the vapour-liquid shifts of the bending frequencies are so different (4 106 cm -1 in CF1 vs. 4 225 cm" 1 in CF2).
The anharmonic potential terms V JJK can now be evaluated as functions of the quadratic and higher order force constants by the transformation [12, 20] shown in matrix form in Table 4 using the notation of Eq. (23) in [20] . Numerical values for these coefficients can be derived from the eigenvector matrix elements of the harmonic vibrational problem adequate for the central force fields, i.e. using two O-H stretches and the H-H stretch as coordinates and the force constants reported in Table 2 , by methods described in [12, 20] . The numerical values are listed along with the eigenvector elements in Table 5 . It is interesting to note that there is much (6) and (7) terms containing odd powers of Q 3 or x 3 are missing because of the C 2v symmetry of water molecule.
In order to estimate the contributions of the different terms in (4a) -(4c) to the vapour-liquid shifts of vibrational frequencies of water, it is necessary first to evaluate the cubic anharmonic constants (Vjj k , kjj k ) in terms of internal coordinates. The vibrational potential functions of type CF1 and CF2 can be expanded in terms of internal coordinates in the following way: [20] , the numerical values are given in Table 5 . more mixing between the symmetric stretching and "bending" modes in the case of central force potentials than in the case of the usual spectroscopic potentials (two stretches, one bend).
Discussion
The contributions from the different force constants (in internal coordinates, see Table 2 ) to the anharmonic potential constants k ijk of (7) are listed in Table 6 . The cubic constants of the central force potentials in terms of the normal coordinates, which play a central role in the determination of the vapour-liquid shifts of the internal vibrations (4), are given in Table 7 .
It is an interesting point that in some cases (e.g. V\\2) there is a significant contribution from the quadratic force constants to the anharmonic potential constants, which originates from the nonlinear dependence of the internal coordinates on the normal coordinates [21] . The differences in the signs of the V\u, V 2 \\, V\33 and V233 cubic constants for CF1 and CF2 are in agreement with the red and blue shifts of the symmetric and asymmetric stretching frequencies observed in the MD calculations (cf. Table 3 ). The magnitude of F, 33 is much larger than that of V\\\, which explains the larger shift of the asymmetric stretching frequency compared to that of the symmetric stretching frequency. It can be seen that the magnitude of the contribution of f rrr to V\22 is significantly smaller for CF2 than for CF1. This might account for a large part of the difference between the bending vibrational frequencies of the two models in the liquid state. On the other hand, the different signs of V m for CF 1 and CF2 seem to indicate that higher order terms in (4b) may also contribute to the vapour-liquid shift of the bending vibrational frequency.
From Table 7 , the second term in (4b) containing V 222 seems to be much less important than the first term; this shows that a term in (t/f) can contribute significantly to zlv 2 through the anharmonicity constant V\ 22 . The importance of this point has already been emphasized by Buckingham [16] . Also, the contribution of the fforce constant to the different cubic potential constants (see Tables 6 and 7) is sizeable in some cases (e.g. V m , K 2 u)however, its effect on the differences between the vibrational frequency shifts of CF1 and CF2 is negligible. It is also clear that the differences between the shifts for CF1 and CF2 central force potential can not entirely be ascribed to the differences in the V ijk terms, since the external interactions are not exactly identical for the two versions. By using the value of 0.247 mdyn • A for (U") obtained in the diatomic oscillator approximation and the transformation between normal coordinates and internal coordinates, the harmonic shift corresponding to the (U'{\) and <t/33) terms can be estimated for water with harmonic intramolecular potential. We obtained a value of +64 cm"" 1 for ^viharm = ^v'3harm^ which seems to be quite reasonable and suggests that if the gas phase vibrational motions were purely harmonic, the vapour-liquid shifts would be small and to the blue.
To have a further check on this point, a MD simulation was performed on H 2 0 with harmonic intramolecular and CF2 intermolecular potential. Using the techniques described above, a wide band with an unresolved peak centred at 3923 cm -1 (see Table 3 ) was obtained. It should be mentioned that in this case the shifts can not be expected to correspond exactly to the predicted harmonic shifts because of the contributions from the quadratic force constants to the cubic V ijk constants (see Table 7 ). In spite of this, the shifts calculated from MD seem to have the right order of magnitude.
It can be concluded from the above discussion that /".,. can be expected to have the largest influence on the vibrational frequency shifts on condensation in the case of water. Therefore we carried out a preliminary MD simulation on HDO liquid, using the harmonic force field of Kuchitsu and Morino [12] and their value of -9.977 mdyn/A 2 for the cubic stretching force constant f rrr . It can be seen from Table 3 that the introduction of this cubic force constant improved significantly the agreement between calculated and observed liquid phase frequencies for the stretching vibrations, while the bending frequency shift did not change significantly. This can be accounted for by the very small coupling between the stretching and bending motions in this molecule.
Conclusion
It has been demonstrated that the differences in the liquid phase intramolecular vibrational frequencies of the two versions of the central force model of water [1, 2] , as obtained from MD simulations, are determined mainly by their different anharmonicities in the intramolecular parts of the potential, and are thus probably largely governed by the distortions of the O-H bond in the liquid. The construction of a model potential which is suitable for a more realistic study of the internal vibrational frequencies (e.g. the effects of solutes on these) and at the same time maintains the good agreement with the experimentally observed structural and dynamical properties of liquid water thus requires the inclusion of some carefully selected anharmonic force constants into the internal part of the potential. Further studies along these lines are in progress; results of these investigations will be published separately.
For the convenience of the reader, the two versions of the central force model potential of Rahman and Stillinger [1, 2] 
